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THE COMPOSITION AND ORIGIN OF THE MO

Don L. Anderson
:Seismologicai Laboratory, California Institute'of<Technology

Pasadena, California 91109

"There are more things in heaven and earth, Horatio, than are dreamt

of in your philosophy.“
Shakespeare :Hamlet c A &=

Abstract

Many of the properties of'the'moon,'including the ﬁenrichment" in_
Ca;'Al, Ti, U, Th, Ba; Sr and the REE and the “depletion" in Fe, Rb, K,
Na'ano other volatiles can be understood if the moon represents a high
temperature condeneate from the solar nebula. Thermodynamic calculetiOns
show thet Ca,_Ai and Ti rich compounds condense first in a cooling
nebula. The initial high temperature‘nineralog§'iS'gehlenite, spinel,
perovskite,'Ca—Al-rich pyroxenes and anorthite. Inclusions in Type III
carbonaceoos chondrites such as the Allende meteorite are composed primarily
of these mineralsand in addition, are highly enriched in refractories
. such as REE relative to carbonaceous chondrites. These inclusions can
.yield basalt and anorthosite in the proportions required to eliminate
the europium anomaly, leaving a residual spinel—meliiite interior. A
high Ca-Al deepvinterior does not impiy an unaccepteble mean density or
momentAof_inertia for the moon. The inferred high U contentwof the lunar
interior, both from the Allende anelogy and the high heat_flow, indicates
a‘high tenperature interior. The model is consistent nith extensive eariy

melting, shallow melting at 3 A.E., and with presently high deep internal
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'temperathreé. It is prediéted that the buterv250 km_is-rich'in plagioclase
and FeO. The low iron content of the interior in this model raises the

interior temperatures estimated from electrical conductivity by some 800°C.

1. Introduction

‘Tﬁe low iron content of ‘the moon, coﬁpared>to tetrestrial, solar
or ﬁeteoritic abundances, has iead to many.discuséidns df metal-silicate
fractionatidn mechéhismsrin the solar nebula and has been‘used as an
argument for both a fission and a captufe.origin for the moon; The
Surveybr and Apollo missions havé shown that the composition of the moon
is anomalous on other couqts. It is depleted'in.volatiles, as well as
iron, and is enriched in refractories. This is true not only for the
surface rocks but for their sburée regions as well and theréfore applies
to a considerable fraction of the lunar interior. ’Theréforé, it is clear
that more than just metal-silicate fractionatibn‘is required in order to
Creaté a moon ffom solar or‘“cosmic" abﬁndances.r Although many and
vdivérse proposals have bégn put forth to explain the bulk and Sufface
chemiéai properties of tﬁe ﬁoon; mést of them assume thét material of
chondritic Composition waé important_sometime in thé moon's ancestry.
For example, Ringwood [ l]-ptopoSed téat the moon formed primarily

from material that vaporized in a massive primitive‘terrestrial atmosphere.
'In the terminal stages of 3ccretidn of the earth Fe would be:selectively
retained by the earth bﬁt Si0 énd Mg, aiong with ¢on§entional volétiles,
would éhter thejatmosphexe.' Maghesium silicate and‘silica'brecipitated '
before the other‘volatilgs and cpllected into planetesimalé. These planetesimals
‘would have been selectively depleted in uraﬁium and thorium secause of.their

lower volatility. It was proposed that the moon accreted cold from a mixture



of iroﬁ—poor magnesiﬁm silicates and planetesimals of primitive origiﬁ
(Type 1 carbonaceous chondrites)l ﬁe prediéﬁed thg;-irdﬁ—free enstatite
and qﬁartz would be the mosg abundant minéfals on‘the m§6n. Ca and Al,
because of their lowrvolatility Qould_be sgiéctively fetained, With;Fe,

by the Earth. The 16w radioaétive-qonten£ WOuid_lead to a.permanéntly
‘cold iﬁterior, which would therefore retain the volatile compéundé.'

 The hypothesis was modified when- it was found thﬁt thé'moon is a refractory
rich_plane;.[z-]. It wasAproposed that the less volatile matérial accretéd
into chunks and the more volatile materiél ﬁema;ned as ''smoke" théh was
blown away by a conjectured T-Tauri phase of the sun. In a later paper
Ringwood and Green [ 3] p;oposed that the interior was carbonaceous and

the exteriorvrefraétory. We put forth the alternate‘hyfothesis that the

" bulk of the moon is composed of those éleménts and compounds that condensed
prior ;o the condensation of iron:. 1Irom, ﬁgSiO3, MgZSiO4 and the volatiles
were incorporated iﬁto the interior in only mindr amoﬁnts and, probably,
only‘during-the terminal stages of accretion. The outer part, ~ 250 km, of
‘ ,fhe moon, in our model, is almost identical to that proposed by Gast [4]

on géochemical grounds. waever,itﬁe deep intefior is Ca0 and A1203 rich

" and is dominantly diopside, mefwinite‘and épinel. This assemblage has
acceptable densities and is'stéble tO'higher presédres fﬁan the Ringwood-

Essene low Ca-Al model lunar pyroxenite.
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2. Boundary conditions
Important constraiﬁts have been placed on the origin of';he moon
and - the evolution of its crust and mantle from detailed geochemical and
geophysical studiés:b “
1. The chemistry of the'iupar igneous rocks-suggest that tﬁey are
derived.fromva feldspathic, refraétory élemeﬁt-fich, pyroxene—ricﬁ
interipf [4]).
2. The liquids whiéh preceded most'lunarfrocks_wére produced by
' ﬁfocesses that involved extensive sgparation ofiigngOus liquids
apd crystalline solids [4].
3. That part of'the mpon_that was involved in the formation'of the
surface rocks:was deficieht in #olatile elements inclﬁding Rb,
Na and K compared to carbonaceous chondrites.
4. A major fractionation occurred at ~ 4.6 AE which resulted in
the creétion.of a high K, Rb, U, Th.aﬁd REE éruSt-[S]s The interior
initially supplied fe-poor and Al-rich méteriéls{ ‘Léter volcanism,
. 3.0-4.0 billion‘years ago,‘sufplied ﬁery FeQrich materials.
5. Tﬁe so-called LIL elements (large ion-lithophilé) such as K, Rb,
Cs, Ba, U, Th, Ree and Sr are enriched in the source region.of
lunar igneous rocks by a factor of 5-20 times chondritic abundances [4].
6.. The composition and temperature of the deep iﬁteriér must be
consistent'with‘the observed mean density and moment of inertia.
7. The outer ~ 200 kn of thé moon has had sohe strength for about
3.7 x 109_years in order to explain'the éersiSteﬁge éf:maséons. ' The
stronger constraint of a coid deep interior'has been removed by |

Anderson and Hanks [6].



."These cdnstfaints can be sétisfied with_the-refractbry.model_discuSsed_.'
in this paper. ' v - l

3. Combosition'of‘the Moon

The enrichment of the moon in refractories and deficiency in'volatiles

is now well documented [73. These characteristics are not limited to the

surface materials but apply also to their source region whiéh'may involve

‘the outer several hundred kilometers or 30% of the moon’ [4]. The enrichment

. of refractories is so great, compared to carbonaceous chondritic abundances,

i .
that it has been proposed that a refractory'rich outer layer, rich in Al and

trace eleﬁent—riéh matérials,vwas_accreﬁed;late in';hé formation of the‘moon
(3,4,5]. The gfeat thickness (~ 60 km) of the lunar ﬁcrust"'as measured from
the lunar_seismic_experimeﬁt [8] also suggests that a large.part of the
mbon‘was.involved in>the.différéntiation'or’fractioﬁation'process. The

degree of partial méiting required to pfoduqe the Apollo>basalts is probably

- in the range of 3 to 30% [4,9]. If the cfust is mostly basalt and anorthosite,

vefy extensive differentiation of most if not all of the moon is required.
The high heat flow [10]suggests that the high concentration of Uvis.not just

a near surface phenomenon but must extend to a depth at least as great as the

thermal diffusion length, A 100 - 300 km. Therefore the enrichment of Ca,

Al and U and probably the other refractories such aS‘Bé; Sr, and REE occurs for
a substantial fraction of the moon and may be a property of the moon as a

whole. That is to say the whole moon may be refractory and represent a

high temperature condensate from the soiar nebula.

Gast'[4] and Ringwood [ 2] have proposed'idhompgenequs'accretion models

in which the interiors of the Earth and the moon were initially mdre volatile

rich than the exteriors. This is the reverse of the accretion-during-condensation
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sequence proposed by Clark et al. [11] and developed by Anderson ([12,13]
and Anderson and Hanks [14]. There is aBundant evidence that the surface
rocks pf the moon and their inferred source regions are}enricﬁed in refractories
and aeplefed in voiatiles but it does not follow, and thefe is no evidence
to support, a.volatile richrintérior; either initially or at present. Gast
‘and McConnell [15] foiiowing Wetherill [16] and Ringwobd and Essene [9 ]
'Bélieve that the wholé moon cannot be rich in Ca and Al bécause of the
presumed inversion to eclogife at modest pressures.. They thereforé proposed,
as have ofﬁers, that the primitive mbon héd‘a more fErromagnesium interior
composifion‘tﬁat:accreted from material that separated from the solar nebula
at low tgmperafures and the interior may approach chondritic composition.
We will show that this inferehde is’inQalia'ahd thatlthé whole moon may,
in facf, have the charactéristics determined by éast.[al'to be appropriate
for the outer shell. |
Eléﬁent by element compérisdn 6f lgnar'basalps'Qith.carbonaceous chondrites
have;been made by maﬁy workers (see for example, thelsummaries by Mason and

Meléon {17] and Ganapathy et al. [18]). The basalts are cléarlyienriched in

‘ refractories andvdepleted in volatiles compared to chondrites. If we quantify

the terms "refractory" and'Volatile" in terms of condensation température from

a gas of solar composition the cutoff seems to'occur in the vicinity of iron

' and K~feldspar or ~ 1470°K [for B, = 1073 atm]. The bulk of the moon is clearly

deficient in iron relative to solar or chondritic'ébundances and, considering
that K 1s probably concentrated toward the sdfface,'the'bulkvmoon‘is likely
also to be depleted in potassium; the K/U, a volatile/refr’actqry pair, ratio

is lower than terrestrial or chondritic values.



Figure>1 summarizés the well,kﬁowﬁ b#salt—¢hond?ite reiations and
sﬁoﬁé, in addition, tﬁat the lunar anorthoéites.are also_énfichgd in the
.refractories and depleted in the volatiles. In this figure the circles
- and the solid lines refer toklﬁnar vs. carbonaéeous chondrites. Note that
-only a few of the data_bars -.representing the range exhibited by luharv
anorthosites and basalts—sfréddle the'456'11né.':The.triangulér data
points and the déshed lines are the same lﬁnat data plotted against
Ca-Al rich inclusions of the Allende meteorite. We will discﬁsé ﬁhese"
.inclusions iﬁ detail in Section 5. There is a very ‘good égreeﬁent
between the_lunar surface rocks and the Allende inclusions for both the

major and the trace element refractories.

4. Properties of the early condensate

The condensafion sequence'of éiementé and coﬁpounds froﬁ a cooling
cloud of solér composition'has been calculated bvaérimer [19], Lérd.[ZO].
and Groésman [21]. -The‘eérly‘coﬁdensateé (TaBle 2) are Al, Ca and Ti‘cémpounds
such as gehlepite (Ca2A125i07)? spinel.(MgA1204) and'pérQVSkiFe (CaTiO3),
These compounds all condense before iron. The.relativé absence of iron in
‘-the moon.suggesfs that it'may have accreted from these éompouﬁds. Under non-
equilibrium or lower pressure conditiohs sqch'cpmpoundS'as diopside (CaMgSiZOG),
forsterite (MgZSiQ4) and aﬁorthité (CaAlzsiZOé)
‘alsoAcohdense>befofe.iron.“ The early Condeﬁsates Qill therefore be
enrighed in Ca, Al and Ti relative to Mg,Si and Fe which ére the ﬁain

constituents of the earth's mantle and chondritic mete@rites..vThey will



also probably be enriched in the REE and othervréfractorieé which substitute

readily for Ca, and:may be enriched in Th and U which are rélafively

refractory. K20, S,‘Nazo, S, H20 and other véiafiles,will be deficient in
the.early COndenééte._ | |
fhe amount and composition of the-mAterial that' condenses from tﬁe solar nebula
at higﬁ temperature can be.estimated in sevéral wayé. The average comﬁosition
of‘fhe solar nebula can be.eétimated from solar and chondritic abundances.

Colum (1) of Table 1 gives solar abundances recalculated to weight percent

. oxides. 'This will presumably be the composition of a fully oxidized planet

acéréted from the solar nebula. The second columm gives the amount of

2° 82
CaTi0,, Ca,Al,510, and MgAlzol‘.'- Colum (3) gives the composition of a

Ca-Al rich inclusion in the Allende meteorite which is Eaken here as another

SiOz, Ti0,, A1,0,, Mg0 and Ca0O that are involved in the early éondensates,

. approximation to the composition of the early condensate. The amount of

Fe in the sun {s still uncertain so we have also calculated the fraction

of the early condensate for an iron free sun to obtain an upper bound

on the amount of the High temperature condensate.  These condensates

account for 3.2 to 7.4% of the total condensable material. This is roughly
the fraction of the total condensable material (exclusive of H, C and S)

that will condense from a solar nebular prior to the condensation of iron.

Trace element refractories will therefore be enriched in this early

condensate by a factor of 14 to 31. An alternate method is to assume
that carbonaceous chondrites represent the composition of the starting

material. In this case, colums (4), (5) and (6), the early condensate



fracti&n is 5.8 to 2.0%Z and the énrichment:factor of ﬁhe trace element
refractories is 11-17 times chondritic. In this regard it is of interest
that the refractory trace eiéments are enriched in the Allende inclusions

by a factor of 11 over the whole meteorite and that these inclusions comprise
.~ 87 of ;he meteorite, a C3 cﬁondrite.

Figure 2 gives the chondritic-normalized lunar abﬁndances as a function
of condensation temperature of the element orvthe first cdndensing caﬁpound
cgntaining this element.. The coﬁaensation,temperatures of the REE, Ba and
Sr éfe ﬁﬁcertain but their average enrichment, shown by the dashed line, is
about the same as the other refractories suggesting that they condense
over a similar temperature range. Grossman [211 calculates that U, La, Sm
and Eu will condense below 1473°K at 10;3 atm. The U/Ih fa;io thérefore
may be lower in the garly condensates tban in chondrites. It is likely
however, that solid solution effects wili allow tﬁe-qbndeﬁsation qf some
refractory trace elemgnis at higher temperature than is the case for pure
phases. ?erovskiée, fqr insﬁance, could pfovide lattice sites for the
removal of the fare earﬁhs and oﬁher trace_élementé.[Zl]-at temperatufes
of 1647°K; Grossménv[él] feels that the rafe earths will probably coﬁdense
_over the same temperature interval as corunduﬁ, perovskite, melilite and
spinel.l'In tﬁe lower part of the figﬁre is shown a plot of the fraction of
the available materiél fhat has condensed as a function of temperature
calculated from the results of Grossman [21]. The initiatioq pf condensation
of various compounds iS»iﬁdicated by érroWs. Note'the'rapid increase in

the fraction of material which has condensed as tﬁe‘teﬁperature drops below



the condensationAtemperature of iron and .the magnesium sillcates,
Conditions in the solar nebula can be expected to drasticallp change es
teﬁperatures drop to this level; When iron starts‘to condense the opacity
of the nebula lnereases sunstantielly and the.cooling tate will deetease.
One might therefore expect a discontinuity in the evolution of the solar
system at the condensation temperature‘of iron; If e planet is depleted
in iron it ls probably also depleted in post iron condeneates such as
olivine and pyroxene, as well as the more conventional volatiles.

The enrichment factor in Figure 2 is simply tne reciprocal of the
condensed fraction. It indicates the expected enrichment of the trace
refractories in the condensed phases relative to cnondtltic abundances.
Nete that the refractories are enriched in the moon to above the level
expected in the pre-iron condensates. As the tempe:atnre decreases'paet
the condensation temperature ef'ifon.the enrichment factor rapidly‘approaches
unity, i.e. chondritic abundances. Everything that condenses after iron is
apparently depleted in the moon.

lz_is the main anomaly ln Figure 2. It is commonly concentrated ind
tesidual high tenperature crystals such as chromite and spinel and in sulphide
melts [22,23]. Iridium is a siderophile element -and mey elso reside in a
metallic phase at depth in the moon.

Table 2 gives-the condensation-sequence in.a cooling nepula of solar
cdmpositidn at a total pressure of 10-3 atnospheres [211.‘ We will show in

- ~the next section that the Ca-Al rich inclusions of the Allende meteorite

have mineralogies that suggest that they are high temperature condensates.

This 1s supported by their trace element content,
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5. The Allende Meteorite

Theoretically, the early condensatesAfrom a éoéling solér nebula include
perovskite, spinel, gehlenite, diopside, anorthite and other Ca, Al and Ti
compounds. This assemblage will be enriéhed in‘such_refraCtory tréce'elements
as REE, Sr and Ba and, possibiy in Th and U, and depleted iﬁ such volatiles
as K, Rb, S and HZO' Type II and III carbonaceous‘chondfitgs contain Ca-Al
richxinclﬁsions which involvé these mineféls and ﬁhich are énriched in Ba,

Sr and.thé REE to aboﬁt the extent prédicted in ﬁhe preVious segtion.

The spectacular meteorite shower near.Puebiito.de Allende, Mexico in
Februafy, 1969 has provided a wealth of_data beafing'oﬁ the nature of the
early condensate., Over 2000 kg of this Type  III carbonaceous chondri;ic
material has been éollected to date. In common With'ofher Type II and Type III
carbonaceous chondrites the Allende éontains-numerous 1arge wﬁite aggregates’
and some chondrules of most unusual chgﬁistry and miné:alogy. ‘The bulk
chémistry of thése inclusions is high in Ca, Al and Ti.and low in'Fe, Mg and
volatiles. .We shall refef,to these as Ca;Al rich inclusions. The dominant
minerals that have been ideﬁtified in these inclusions inélude gehlenite
(Ca2A12810 ), sp1nel (MgAIZOA), fassaite, an aluminous titanlum—rlch pyroxene

(Ca(Mg,Al,Ti)(Al,Sl)ZOG) and anorthite (CaAl Si 08) Other mlnerals include
perovskipe (CaTiO ), dioﬁside (CéMgSiZO6), ferroaugite (Ca(Fe,Mg,Al)(Al,Si)206),
- grossular (Ca A12513012), and corundum (A1203). They_éontain no metallic
iron or blivine. These aggregates have been studied in detail bin1érke et al.
[24];‘Marvin3g£.él: [25], Gast [26] and Grossmaﬁ’f21]; »Tbe texture'and the

presence of reaction rims indicate that the inclusions were inserted into
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the matrix at high temperature. The 60!8 value of this material is

much more negative than any other meteoritic material [27]

" and in the range to be expected for a primary high-temperature condensate

from a nebular gas. Marvin et al. [25] and Clﬁﬂ«aé&_gl} [24] have noted

the similarityvbetweeﬁ tﬁe composition and minéralogy of ﬁhe aggregates and

the early condensates‘in a cooling nebula. It is extremely unlikeiy‘that

the pecularities of‘tﬁese inclusions could be a result ofiigneous differentiation
processés acting on méterial of solar or chondritic composition. On the bésis

of ;heir bulk chemistry, mineralogy, texture and oxygen -isotope raﬁios,

the Ca-Al fich-iﬁclusions aﬁparently reﬁresent thé.highest temperature -
.condensates from a gas of solar composition and are therefore the most

pfimitive solids in the solar system. Grossman [21] has supborted this view

with detailed thermo&ynamic calculations. "If this interpretationvis correct

they are extremely sigificant in understanding'the origin and composition of

the moon { 6,12,13,14]. We will show that many propertiés of the moon,

including it$ overall physical properties,}gross layering and the properties
of the source region of lunar igneous rocks can be explained if the bulk
composition of the moon.is similar to that of the Ca-Al rich inclusioné.
Although the Allende me;eorite has provided the greatest amount of material
for study, similar inclusions have been observed in numerous C2 and C3 |
cﬁondrites, fof example Kabé [28], Sharps 99]; Bali R4}, Vigarano [30],

Lance [31], Felix [32], Murchison [33], Leoville [34],  Grosneja, Oranms,

“and Warrentun [25]."
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6. Trace elements

The cbnéentratibns of the trace element refractories have been
‘determined for the Ca-Al inéluéiéns by.Gast EE!EL( [26] aﬁd Grossman [21] and for
thé whole}meteofite by Maspn and Graham [24].and Wakita and Schmitt [35]. |
The average enrichmént of these elgmenté in the inclﬁsidns, which make
up ~ 8% of the meteorite, is about a factor of 11, implying that these
refractory eleménts are‘almbst entirel& contained-in the inclusions,'and,
by implication in'the earliest condensates. :Europiﬁm is concentrated in
the inclusi@ns by ~ 307 more than the average 6f the other elements. kThe
U conteht of the whole meteorite is 0.019 ppm. If it‘is concentrated

" primarily in the inclusions they will.coﬁtain A—O.Z'ppﬁ. A single measurement
[21] gives 0.03 for the uranium content of one.bf'the inclusions which
‘suggests that U is not as refractory as the REE, Sr and Ba,‘or is not as
easiiy'incorporated into the lattices of the crystal ph#ées found in the
inclusions. For comparison the averagé U“conteﬁt of.fhe mbon has been estimated by
Hanks and Anderson [36] to be ~ 0.1 pﬁﬁ based on thermal history and heat
flow_considerations. o |
Table 3‘gi§es cOncentratiéns of Bé, La,VREE;_Sr, Rb; K and U for the
Ca-Al rich inclusions of the Allende meteorite,vthe wholevﬁeteorite,
carbonaceous chéndrites, Apollo 11 basalts and a lunar anorthosite. The
abuhdaﬁces in the inclusions are aﬁproximétely 16 times the chbndritic
abundances, célﬁmh (3). In this respect the Ca~Al inclusioﬁs aré a much
ﬁoré satisfactory source for.the lunar igneous matérial than are carbonacéous
'chondrites.‘ Tﬁe firét column are abundangeskin_an'Allende Ca—Al rich |

inclusion P6 ]; the second column are whole meteorite abundances R41].
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The anorthosite and basalt have large and opposite europium anoma1ies.
The anomaly éan bé suppressed by mixing basalt with about 5 times as much
anorthosite, coluﬁns (6) and (7). The mixtﬁre is normalized to carbonaceous
choﬁdrites in column (7) and to the Allende inclusions in column (8). The
iunar basalts are enriched in refractories by more than an Order.of
magnitude relative to carbonaceous chondrites-and a factor of five relative
" to thé Allende inélusions. If the composition of the ouier shell ‘of the
moon can be accounted for'éntirely.by a mixture ofAbaéalt plus anorthosite
the absolute abundanées can be made comparable to Allende inclusions, as
shown in column‘(9).. Thié mixture, however, still has a small europiuﬁ
anomaly rélative to either carbonaceous choﬁdrites or the.Ca-Al inclusions.
Table 4 givé the chondritic normalized trace element refractory
abundances for the Alieﬁde inclusion'and_several combinations of ;hé lunar
.surface'material. Groséman [21] COrrected La, Sm, Eu; Sc, Yb and Ir
" for matrix contamination and cohcluded'ﬁhat the Ca-Al rich inclusions were
enriched in these elements by a factqr of 20—25 relati?e to Type I
vcarbonaceous chondrites. Usiné“different data we-obtain;_colﬁmn (1), an
enriéﬁment factor of 16. Column (2) is the mixture_offbaéalt and anofthosite
required to achieve Allende abundance levels. Column (3) gives the mixture
of anorthosite and Basélt required to satisfy the Allende Sm/Eu_and Eu/Gd
ratio. Column (4) is the'mixtﬁre required to achieve the carbonaceous

-ghondritic ratios. In all cases appreciable Sr, Ba and the REE must be
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‘retained in the interior if the moon has the abundances of the Ca-Al rich

‘inclusions. Since the residual crystals in our model amount to ~ 65% of

the mass of-the(moon (see Section 9) the average REE concentration in the
interior is 17-19 times chondritic levels. The Eu anomaly, relative to

the Ca-Al inclusions, can be elimineted by mixing 0.86 anorthosite and

'0.14 basalt, colum (9). The exact proportions depend on the choice of

-.materiais, but Wakita and Schmitt [37] obtained almost identieai-values.

The lunar interior, for our model (spinel, @elilite_and pefpvskite) however, is
quite different from those assuﬁed by the above authors. These high
temperature cryetals are able to retain the large ions mueh more efficiently
than”olivines and pyroxenes and these ions will not be as effectiveiy

concentrated in the melt. Tables 3 and 4 give strong support to the

| hypothesis that the lunar differentiates involve a primitive, refractory .

~ source region and juétifies Gast's [4] conclusions regarding the nature

of the source'region.

The refractory trace elements sqpportAthe hypothesis that the
Allende inclusions represent the early condensates of the cooling solaf
nebulae. 1If the refractory trace elements such as Ba, Sr and the REE

condense early they will be concentrated in the early condensate relative
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to their‘poncentrafion:in the sun o;'relative to:matefial, suéh as
carboﬂaceous chondrites, which are.presumably repreéeﬁtative of the bulk
cqmposition of the neb#lae. In Table 1 we estimated that‘thé'early
condéﬁsates would be eﬁriched by a factor of 11 to 31 invéefractory trace
elements, relative to solar or chondritic abundances. Grossman [21]
estimated.an"enrichment factor of 20-25. The average'enrichment of Ba, Sr
and the REE in the Allende inclusions over carbonaceous chondrites is 16,
in the range of fhat predicted.. |

This study attaches profound significanqe to the Type III carbonaceous
cﬁdndrites. To date this class includes 12 falls énd 3 finds totalling
in e#cess of 2400 kilograms. For compariéon, the Typé'I éarbonéceous
'chondfites, upon which several cosmologies have been constructed, have 4
members and a total rgcovered wgight of 16 kilograms. While it is clear that
the Type I carbonaceous chondrites afe primitive objécts aﬁd are relativeiy

unmodified they have few of the characteristics required for the moon.

7. Egjdr.elements

B Table 5 give;.the major o#ide comppéition of iunar surface material
and the Ca-Al rich inclusion and,>for comparison, a theoxetical estimaté
of the composition of the early condensate. Columné (3) and (4) are two
éstiﬁates of the ﬁean composition of the lunar crust based on trace element
concéntrations. ‘Column (3) is the baéalt—énOrthosite mixture which is
required to give Allende inclusion trace element refractory ievéls.

:‘Column (4) is the mixture which gives the Allende inclusion Sm/Eu ratio.
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There is little difference as far as the ﬁajor elementé are concgrned.
In the Ca0-Mg0-A1,0,-510, system with this compositioﬁ; éyroxeﬁe-melts at
1235°C,_anorthite at 1250°C and gehlenite At about 1400°C. Spinel remains
as a SOiid pntil 1550°C. The first melt will therefore be rich in
pyroxene and, as'meltiﬁg proceeds, will become‘@pfe anorthositi§.4-Column
(5) gives the éomposition of the early, T < 1250°C, melt and also Ehe_laﬁe
condensate and can be compared with columnéA(B) and (4). bTﬁe émount éf
this material in the inclusion cdrresponds to.a thickness of_~'270 km on
the moon. - | |

Column (6) gives the comppsitioﬁ of the inclusiﬁq as determined by
Clarke et al. [247. The feO,.KZO and NAZO contents of‘the Ca-Al rich
inélusions,are highlyvvariable and may represent coﬁt;minétion from the
mafrix [21].  Thé pure inclusions contain less than 1.4 pefcent Fe [21].
Colﬁmn @) gives the composition of the-hiéh temperature crystals in the
Allende.inclusién; a possible comﬁosition of the deep, > 270 km, interior.
it would perhaps.be surprising if the single Allende aggfegéte that has
been analyzed were completely representative of the early condensate. An
altefnate approach is to consider the mineralogy‘of the garly condenéate
-predicted from thermpdynamic calculations. Columm (8) gives the composition
of the coﬁdensa;e prior to the condensation bf iron, éliQine and enstatite.
The major difference between the theoretical composition and the Allende
aggiggate coﬁposition is the MgO conteﬂt. ‘This is probably becéuse the
Allende'inclusion was armored from complete reaction with Mg0O(g) therefore

keeping the akermanite content of the melilite below equilibrium levels.
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pbo; assemblage. The high pressure phases have theoretical densities of
fhe'érdef of 3.5 g/cm3'bu£ this fheoretical'dénsity is‘bnly reached
graduélly as the pyroxenes react with the garnet. Ito-and.Kennedy [38],
Green [39] and Boettcher [40] ha&e all emphasized the twé—stage néture
of the density.increése;’.

1t shoﬁld-be.notéd that, for the temﬁerature_profilé shown, the
intermediate densit§ asseﬁbiage is also stéble aboVe some 100 km which is
interestingvin that high'seisﬁic velocities are found in the lunar "upper
mantle"[8 l. 1If the outer several hundred km of the moonvrepresent a
uniform composition fhe 70 km discontinuit§ would repreéent a kinetic
bouﬁdary (the températu?e at tﬁis_depth is almost certéinly leés ;han 300°C).
A substantiél decrease in both compressioﬁal velocity and density is
predicted beioﬁ.somé 100_km. |

The precipitibus droﬁ iq électficél conduétivity found by Sonnett et al.
[41] startiné at 250fkﬁ has beenkattributed [6] to a decrease in
the,FeO-contgntibelow this level.' This can'be interpretéd in two ways, both
of thch‘are éonsiétent with'the preseh; hypothesis;T'First, iron starts
to cpndense and react with pre§ibusly COndeqsed silicates after the bulk
of the Ca-Al rich‘silicates have already.condensed. The i;on rich layer
may therefore be a.reiié of an initial inhomogeneous acc;etion [6 1. More
reasonable, however, is the viewAthat tﬁe éuter 1ayers quthe.ﬁoon are
differentiafgs of ﬁhé:bulk“_of the~m60n.:‘ In a solidifying magma, iron is
strongly concgn;fﬁted in,the_residual'melt.  Fof‘example, in‘the Skaergaard

intrusion of east:éreénland theJFeQ content of thg,last solidifying layers
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It appears that the Allende inclusion is dapabie, in principal,
of satisfying the major element and trace element requirements placed
on the interior by the lunar igneous rocks. We will show that it is

also capable of explaining the geophysical data.’

A .Ca-Al rich Deep Interior

' Ringwood and Essene [9 ] have ruled out a Ca-Al rich intefi&r for
the moon on the basis of the mean density and mpmén; of inerfia.'-They
suggest that the coefficiént of moment of inertia implies that important
phase transitions to much denser stétes do not occur within.the outer 700 km
or so of the moon. They conclude that>the.A1203 agd Cao.conténts‘of the
moon are less than 6 énd 5 percent respectively. This has been gdopted as
a boundary condition by Gast [ 4 ] and others leading fo the suggestion
that the moon has a Ca-Al rich outer shell. While it is true that garnet,
the principle high density phase, is stable at relatively low pressures in high Al
asseﬁblages, it is not_the dominate phase until plagioclﬁse or spinel disappear,
which occurs at much‘higher pressures. This is illustrated in Figure 3
which shows the stability  fields éf thfeé highiCafAl @aterials. The
compositions of these assemﬁlages are given in Téblé 6. Also shown
is a temperature depth curve from Hanks and Anderson [36]. For this temperature
. profile pyroxene and/or plagipclase'are the dominant stable phases until |
~ 35 kilobars, which corresponds to depths of ~o806 km. The densities

of the assemblages dbwn to this depth are the order of 3.3-3.4 g/cm3, similar

‘to those in the Ringwood-Essene model lunar pyroxenite, a hypothetical Ca-Al
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is almost 3 ;imes thevinferred FeO content of the original liquid [42]f
1f the iunar basalts and anorthosites -are ﬁhe result of ftactional
crystaliization, as pr&posed by wodd et al. [43], Smith‘gs_él.v[44], and
others, the outer 2507km (35 wt% of the mooﬁ) wouldvrepresént the residual
meit; With the bulk compositipn of the méon proposed in this paper the
near liquidus phases woﬁld be melilite or merwinite and spinel, all of
. which are denser than the residual liquid. Séinél and melilite crystallize
bgfween 1400 and 15506C at P~ 0 [46]. Once the melilite and spinel are
removed the remaining iiquid is 34.6% of the mass of thé original melt, in
agréeﬁeht with the above calculation.

The density of'the;lqw pressure assemblage of the residual crystals
in the interior is abopt 3.2 g/cm3 (spinel plus melilite). .Akermanite, a
major component of melilite, breaks down at moderate pressure, to merwinite
_plus diopside [45]. 'At lunar temperatures this Qould occurvat about 200 km.

The spinel + merwinite + diopside assemblage has a density of 3.4 g/cm3.

9, Possible fractionation of an Ailénde-like moon

The compoéition of the‘Allende inclusion, as repof:éd by Clérke et al.
 [24] has been recast into a minexal,aséemblage withvtﬁe following results

(in weight pe;cent); feldspar 28.4%,-melilife 39;7%, spinel 25;7%, perovskite
2.3% and diepside 3,9%Z. Tﬁe near liquidus phasgs in a similar assemblage
studied.by Prince [46] are spinel and melilite. The crystalline seduence

is spinel at about 1550°C followed by melilite at:l400°C, anorthite at 1250°C
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followed'shortly by pyroxene at 1235°C. Fractionol crystallizafion would
give a spinél-melilite}or spinel-mérwinite-diopside interior and a felospathic
pyroxenitic surface layer. The refractory interior_wouid'comprise
approximately 652 of the mass of thg moon. The residual iiquid would be
en;ichod in‘Fe and ony trace elements that aré'incoﬁpafible with the spinel
and mélilite lattices'and would comprise the outef 250 kﬁ of the moon.

The basalts and anorthosites could be derived from this layer either by
further crystal fractionation involving plagioclase floatation, or by
partial melting after solidification. The high U and‘Th contents of

tho oorface layer are adequate fo remoit the lower oortions within several
hundred miilion years after solidification [36].

The composition of the outer layer of the moon, obtained by,;emoving
the néar 1iquidus_crystals is given in column((i) of Tablo' 7. For.
comparison, coluﬁn.(Z) gives a previous "aVeraéé" crustal composition of
the moon. The similarity is remarkabié. Column (3) gives the hyoothetical
pareot liquid caiculgted by Gast et al. [47] on the basis of trace element
distributions and a fiactionollcrystailizotioh model. Tﬁe MgO in'column 3)
is érbitrary because of lack of information regardiog the extent to which
~olivine is involved in the source region. On the other hand‘the MgO
content of tho early condensates is also uncertain; if increases with
falling‘temperature due to the”inoreaéing akermaoite content of the
melilite and rises rapidly once olivine and enstaﬁite_star; condénsing; The
moon may have accreted from méﬁeriol~that condensed over a slightly broader
temperature fange than the Allende inclusion. Column-k4) is a ﬁypothetical

_ parent liquid derived from a partial'melt model. The agréement with this
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modgl.is nof as>good as the fractional crystallization model but the inferred
A1203 and Ca0 content is still éonsiderabiy greater than models such as
Ringwood and Esame[9]. Column (5) is the inferred deep.inte:ior (> 250 km)
composition‘(spinel + melilite). For comparisoh colum (6) gives Gast'é [4]
deep interior composition.which is based on the (invalid) Riﬁgwood [2]
constraint on total Ca0 and A1203; The densify of the spinel-melilite
assemblage is 3.2 g/cm?, about the same as thé mean density of the Allende
inclusions but ~ 10% greater than the density of the residual melt. At high
'preésuré akérmanife breaks down to merwinite plus diopside with a density of
3.29 g/Cm?; a simlilar reaction ﬁresumabiy occurs for géhlinite. The assemblage
spihelf¥Imerwinite.f’diopSide is probably stable through moét of the bulk of
the mooﬁ. This assémblage has a density of 3.40 g/cm3.- -

'The density variation in the moon is iikeiy to be complex. The Apollo
seismic experiment showed that 1arge’veloci§y jumps occurred at 25 and 65 km [8].
The very low velocitiesAin.thé upper 25 km suggest that this region is porous
or fréctured:and the density may be as low as 2 g/cm3. The lower crust,

25—65 km,'hés §elocities'consistent with gabbroic anorthosite and densities

may réﬁge from 2.7 - 3.0 g/cmslin this region. The velocities from 65-120 km [8]
afe high and.may indicafe the transformation to a-garnet bearing assemblage

with densities from 3.3vto 3.7 g/cm3 [48]. Avgarhet bgaring aésemblage in

the 1pnar upper mantle is consisfent with the phgse diagrams.presented in
gingwéod.and Essené [9] and Figure 6.‘ At élightly greater.depth the garnet

will becomé ﬁnstablg becauge.of the rgpid rise in 1unar temperatures (see

- Figure 6) andllowe: densities; comparable to those in fhe,ldwer crust, may

prevail until ~ 300 km, at which depth we again cross the garnet-in

curve for Ca-Al rich assemblages. However, we have inferred
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a compositional_change near ~ 250 km to a spinelQmerwinite-diopside
aséemblage with p ~ 3.4 g/cmg. There is abundant flexibility to satisfy

the mean density and the moment of inertia.

Formatiqn and differentiation of the moon

. The derivation of the lunar surface rocks could proceed from our
assumed composition for the”modn in several ways. The following is one
possible scenario:

1) The modn accreted from the material that condensed from a cooling

‘solar nebula prior to the condensation of significant amounts of iron. The

~ uncondensed material in the vicinity of thé'accfeting moon, including most of

the i;on and the volatiles were removed by'ah intense solar wind or were
sweét up by the more massive and more favorably disposéd Earth. Froﬁ cooling
rate and other éonsiderations, the accumulation of the moon occurred very
fapidly.
2) bThe whole moon was enriched in Ca, Al,'Ti, U, Th and'fhe.REE by

approximately the ratio of the fraction of the material-that condenses
before iron relative to chondritic or solar‘non—voiatile abundances. It was
depleted in Fe, Na, ﬁb; K and the more volatilé elements.

| 3) The initial miﬁeralogy of the moon was primarily'meliiite (solid
solution of akermanite and gehlinite), aldminous c1ipopyroxéne, diopside;

spinel, anorthite and perovskite.
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.4) The rapid accretion, the high initial temperatures which afe a
consequeﬁce of the acéretionfduring-conaeﬁsatiﬁn hypothesis'and fhe high
U apd fh abundanées (10-16 times chondritic) lead to early.and exfensive,
and perhaés coﬁplete; meltihg.

5) The neaf-liquidus phases, spinel and mgrwinite,,settle té the
interior. Thése crystals cénstitute approﬁimatgly 65%_of.the maés of the
" moon which corresponds to the volume below some 250 km. The REE, Ba and
Sr are not necessarily strongly fractionated at thié.stage between'crystals
and melts. The melt, in fact, may be slightly depleted.

'6) The residual liquid is approximately.802 anorthosite and yields
aﬁorthosiﬁé, upon furthe: cooling, which presumab;ylforﬁed the protbcrﬁst
and the'highlands, and then pyroxenes from which the basalts were derived
either directly or byApartial melting after solidification. An alternate
scheme could involve the complete'crystéllization of the outer shell followed
by remelting and separation §f the basalt liquid. ‘The high U and Th conteﬁt
| of the outer shell pérmits this possibility [36].' |

7) The small initial FeO content of the moon was strongly concentrated
in.the residual melts and therefore concentrated in the outer 250 km of
fhe moon.

8) The basalts and anorthosites could be derived either by partial
-meltihg'or.by fractional crys:allization;'or'both, of the outer 250 km of
the moon.. The composition of this shell is simiiarAto'tﬁaf iﬁferfed by

Gast [4 ].
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Gast [4 ] ﬁas ruled out fractional érystalliza;ién on fhe Basis that
parent liquids witﬁ more than 80% anorthite were implausible. Anorfhite
contents of the order of 80% are a feature of our ﬁqdel and a éimilar
model for the outer layers of the moon of Wakita and Schmitt [37]. These
estimates are based on the mixing required to remove the europium anomaly.
‘If KREEP basalts are an important compoﬁent of the lunar crust even higher
anorthosite contents.are required. A further difficulty poiﬁted'ouf by
Gast with the fractiénal crystallization modgl is that the #bundance of
sqch-eleﬁenfs as Br, Sr and REE in the sourcevregion must be 15-20 times
that of the average chondrite. These high abundapces aré_élso an intrisic
feature of our model. Indepgndéhtly; Smith gs_gi. [ 44] concluded that
the Apollo li baéalts represent a residual fraction after crystallization
of mbre.thah 80 percent of.é farent magma. | |

The lunar igneous rocks could be'either the resﬁlt of a Singie stage
‘extensive fractional crystallization or partiai melting process, or could
fesult.from a mgltiple stage process involving both. The variation in
~ the propefties éf the lunar basalts suggest tﬁaf-secondary processes may
.havé opetatéd. Some of the sasalts may havé crystallized'from the residual
melt after the higher tem@eraturevcrystals were removed by.sinking and
fioatation,andqthers may have formed by partial melting at depth after
crystallization of the liquid residiuum.

In order to facilitate comparison with previoﬁs mddels, we will briefly
discuss the model of Wakita and SChmitt'[37]. It.has many‘elemeﬁts in common
with the proéosalg'of Smith et al. [44]) and Wood et al. [43]: fhey assumed

as have most previous investigators that the total moon accreted from material
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similar to that of ordinary chondritic.meteorites. Although their models
are quite .different, Gast [4 ] and Ringwood and Green {3 ] also propose.
that the bulk of the moon's interior is éhondritic. Wakita and Schmitt [37]
considered [on the basis of é personal communication from Anders] the use
of "chondrules from carbonaceous metéorites that are significantly depleted
in alkalies and are deficient in metal” but did not pursue this suggestion.
' because.of the lack of'sufficient data én the abundances of REE and other
elements in chondrules.

They-proposed that ;he moon was completely molten eérly in its history
and,_affer'formation of a small Fe éoré, fractional'crysﬁallization of the
high-tempéréturé‘miperals (in a chondritiq assemblage) olivine and ortho-
_pyroxene, took fiace. The light residual magma floacéd to the suréace
from.ﬁhiéh anorthosites and basalts separated, the light anofthosite floating
on the'denser_basalt} -During this.fractional crystallization process the
REE cpncentration in tﬁg residual magma increases with-fhe crysfallization
of olivine and pyroxene mine:als since these can accommodate very littlé
of the large REE‘ions. About 93 percent qf the mixed oliving plus hypersthene
minerals crystallized from the initial melt leaving ~7 percent residual
melt with a thickness of ~ 35 km. From this residualimelt 84 percent
separated as anorthosites and 16 percent remained as basalts. Although not
stated by them, a featuré-of'the model is progressive enrichment of the

melt in FeO and, probably TiO The flow chart below illustrates their

2°

propose& process.
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chondritic moon
totally melts into

93.5% olivine 6.5% residual
+ pyroxene melt
153 /\ , /\
hypersthene 257 ' 847 16%
:(0.70 mass olivine anorthosites basalt
" fration) (0.23) (0.055) (0.0104)

| A‘basically similar écheme can be proposed if thé'original composition
of the>moon is Ca-Al riéh throughoht. The high temperaturé minerals, in
-this case, ﬁowever,'are gehlinitefakermanite solid solutions (at low pressure),
spinel and pero&skite and the fhickness of ﬁhe residual is ~f230.km of
which ~ 30 km is potentially basaltic. The fractionation of iron iﬁto
the residual melt ﬁrovides a high cOnductivitf oufer shell. The lattices
of the high temperature minerals, in this modei can acéommddate the large
REE and other ions although information is unavailable on.the distribution.
.coefficienté.' The_faét that the REE ions substitute readily for catt
Suggésts that they méy be retained by gehlinite and perovskite. if the
initiallconcentraiion 6f the REE in the Allende inclﬁsion is appropriate
for the bulk‘moon and 1if the anorthosite-basalt mix discussed preQiously
is ‘appropriate for the outer shell ofvﬁhe moon (Table 4) it fqllows
that'the melt, the parent liquid of fhe lunar basalts and anorthosites,

is slightly depleted in REE, relative to the bulk moon, rather than enriched
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as is-tﬁe case when olivine and orthopyroxenes aré the high temperatﬁreu
phases.

Smith et al. [44] Aproposé that the moon was formed from iron and
volatile depleted chondritic material, after wﬁich it.was,completely mélted.
The entire interiot Qas subjected to crystallization differentiation and
the basalts are regardéd as the residuum. This hypothesis is the antithesis
of tﬁe one presenfed_by Ringwood and Essene [9 ]. Ringwood [49] has
: vigorously objected‘to this modei, primariiy on thermal grounds. Although
the'interiot’of_thé moon in the Smith EE-éi’ model is formed of cdncentric
layers of Fe-Ni, olivine and pyroxene rather'than.melilite and spinel it
~haé'spme attractive features, mainly the Conéeﬁtration'of Fe and Ti in the
residual liquid and upward floatation of plagioélase (see also Wood et al. [43]
which are in common with the present model. Ringwood's objections would
also be.directedrto our model. His first concern ié with the mechanism that
caused coﬁplete melting of the moon. In our model complete melting is
nét necessary but we see no particular difficulty in this régard. The
high initial températuré.of the material that accfeteg on the moon (~ condensation
'temperatﬁre);lthe rapid accretidn time propésed by Opik [SO].and Mizutani [51]
V»and high U and Th contents (~ 16 times chondritié) all lead to extremély
high:initial teﬁperatures. Ringwood [491 considers thé evidence for igneous
activity lOg years after solidification of the moon has commenced to be a
fatal difficulty with the Smith et al. hypothesis. However, tﬁe thermal
history calculation§ of Hanké and Andefson [36 ] show that the moon, even with

strong upward concentration of the heat producing elements (adjusted so that
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the present day heat flow is satisfied) will Be above the solidus of lunar

" basalts, at 3.7 A.E. in the depth interval 50-400 km. The later lunar

basalts were probably formed somewhere in this interval and extruded where
the lithosphere-wés thin enough or weak enough that they. could make their
way to the surface. While it - is true that the thermal time constgnt of
the splid:outer shell is short the.thermal history models show that the
temperature between about 70 and 400 km increases during the first

1.5 b.y. of the moon's life because of the high radioactivity content in

the uppér layers. The other objections of Ringwood [49] are directed

towaid the chondritic nature of the Smith et al. model and>are not

relevant here.

Depth of-Originj',

The’cohsiderationé in this'paper and in two previous papérs [6,12]
reopen the questiéns of.bartial melfing and:fractidhal crystallization,
as discuééed in the previpus éection, and the deéth of origin of the‘lunar
basélté.l | |

Riﬁgwood [49] marshélls a_series of argumentsvin support of his
belief that, the Apollo.ll basalts at least, were derived from a depth
greater than 200 km:

1) The cooling of the moon is too rapid to permit melting to occur at

shallower depths 1 x 109 yeafs after the birth of ;he’moon.' Hanks and .

Anderson [36], however, showed that mélté could exist bélow 50 km at the -

appropriate time for generating the younger basalts. V
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‘2)ATheApersistence of mascons for ~ 3.7 b.y. imﬁlies ;n underlying
lithdsphere of substantial long-term strength; presefvat;on of mascons
would not be explicable; if partiél melting 6ccgfred in ihe lithosphere.
An&érsoﬁ and Hanks [6].showe& that substantially. higher stressés can be
maintained by the lunar-lithosphere than are now indicated -and that
'considerab;e stress_relaxation-cquld have occurréd in the early history
of the moon. A thin quter shell can éupport both the non-hydrostatic

shape of the moon and the mascons.

3) Extensive fractionétioq,of a considerable portion of Ehe moon is
required in o;der to oﬁtain the high -levels of fhe;fraCe element'
refractqries;vhear surface melting précgsses.are inadequate. This
argument'is based'oﬂ prgsumed chondritic abundance patterns and not.on

the more piauSible 16x -chondritic lunar abdndances.

The'other argumenté are also baséd on presumed choﬁdritic abundances
or on melting experiments which allow phevbasalts to.be derived from
deptﬁs as shallow:as 100 km. | | |

The présent mbdel is COnsistént with basalt origin below 200 km buf
the small amount of melt and thé great thigknéss and stréngth of the
lithosphere in the Rinéwood {49] model seem incompatible; In 6ne of the
" alternates discussed'in’Sectionvlo the later lunar basalts formed by
complete melting of thejregién between 200.and 230.km. ‘In the other extreme

case they formed by ~ 20% melting of the outer 230 km.
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Inhomogeneous accretion of the moon

>:As mentioned previously, it has-been Suggésted sevéra; times that
the mo&n acéreted-inhqmogenebusly. .However; the'mbtivation'has been to.
enfich the oﬁter léyér, in particular, the-source regions §f the iunar
igneous rocks in Ca; Ai,-U, Th, Ba, REE and MgO/(FeO +:Mg0). It has
.been considered unlikely thatjthé whole moon'could exhibit these'properties.
Héwever, we,have.shown that the early cdndeﬁsétes'in.genéral, and the
Allende inclusions, in particular provide the necessary characteristics of
thg source region and db not violate the inferred pfoperties of the
deeper interior. No.primitive layering is required by the . geochemical
andAgeophysical data but chemiéal.zonatioﬁ as implied by the.inhomogeneous
) accretipﬁ'hypothesis [11] is a distinct possibility.
'The chémiéal.zoning-tﬁat has been proposed has the interior enriched

in FeO,»Mgo;'SiO and the VOlatiles relative to the exteri6r, which is

2

enriched in CéO, A1203, U, Th and the REE. This is contrary to expectations
based on inhomogeneous accretion directly,within a condeﬁsing solar nebulae.

In this case, the Ca0 and Al would increase with depth and 510,, Mgl

| 23
and FeO would dec;ease wiﬁh deb;h.. The initial distribution of“the

réfractory trace elements, such as Ba, U, Th and the REE depends on the

phéses in which they cbncentrate dpon.condensation. If they occur primarily
»ié the gehlenite, perovskite aﬁd spinel they can be expected to.be concentrated
’initialiy.in the>éentef:§f the moon. 'If they are éoncentrated-in.thg

pyroxenes they can be expected to be brought in with theAuppér-layefs. If

fhe moon partially or totally mgits uﬁon or after accretion théy'will be

redistributed according to distfibution coefficients between the melt and

the 1iquidus'phases - gehlénite and spinel} A detailedAstﬁdy of the trace
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eiémentvfefractoiy distribution among phases-in_fhe Allehde inclusiﬁn'
" would help resolve this question. -

Tﬁe present day_gross chémical layering in the Moon would be about
the same whether it resultedrffom inhomogeneouslaCCretion or homogeneoqs
_.accfetioh followed fy-fractionél cfystallization or partial mélting. In
the inhomogéneous accretion model the phaées in the deep interior would
be merwinite, diopside spinel and, possibly, perovskité and corunddm,»the
early condensing phases o:,féaction products. If the méon'were ever
tbtélly molten the interior would also be ﬁél?iitg,vor herwinite,

denser than the residual melt.

these are the near liquidus phases and are
' : !

In the partial mélt.model the low melting point and low density phases
are‘pfroxenes and anorthite, which would rise to the surface to form
the source region for the lunar basalts and anorthosites.

A critical teét of the alternates involves.the distribution of FeO.
In the inhomogeneous accretion model the Fe0 would be concentrated near
the surféce because of theAlate condensétion of iron. In the fractional
crystallization ﬁodel the residual-melt,‘andvhence'the surface layéré,
would also be strongly enriched inAFeO. In the homogenépus accretion,
partial melt-model the melt would be only slighfly enriched in FeO. The
main evidence bearing on this point,.altﬁough cdntrbvérsialg is the
>'conauCtivity profile of Sonett et al. [41]. They found a three orders
of magnitude drop in electrical conductivity between 250vand 350 km depth,
although other 1ﬁterpretatidné aré‘possible. This.ﬁas beeﬁ inteféréted [6]

in terms of a dramatic decrease in the FeO content at this depth. The mass
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fraction of ﬁhé moon’below 250 km is 0.6 which is also the amount of
géhlenite and spiﬁei (fﬁe early>condensate$‘and‘also:theknear liquidus
phases) in the Allende inclﬁsions.' Thus the iﬁhomogeneous accretion and
fractibnal crystallization models satiéfactorily account for the gross
layering as interpreted by,Sénett et al. [41] aﬁd Anderson and Hanks [6].
The outer 250 km in either of these models would be the source region from
which the lunar igneous rockg are subsequently derived by partial melting

: or'fréctiohal crystaliization.-'This source reégion must be enriched in U,

Sr and_the'REE,‘relétive to éhondriﬁes. If these are concentrated in the
'early.dondensates the deepAinterior must haﬁe been involved in the early

and extensive diffefentiati&n'and this would favor fractional crystallization
“on the grand scale énvisagéd By“Wood et al. [43]. 1If these trace refractories
are conéeﬁtrated in the later con@ensatesvthe inte;ior need not be involvgd'
in a m§jpr way in the subsequent evoluﬁion_of'the moon. In liu of meésurements
on the Allende'incluéions.our only recourse is to theoreticalAthermodynamic
caiculations.' Accordiné'to Grossman [21], ThO2 condenseé beéween the
condensation temperatufe'of spinel aﬁd gehienite..'Thorium is eﬁriched

in the mooﬁ to aboﬁt the same degree as the higher.témperature condensates
such as Hf, Y, N,'Ta_and'Sc; U and'the REE algo have similér enrichment
‘faptors. This,suggests that the trace refractories aré in fhe early
condensates and thaf_the whole moon has been invdlved in the early
differentiation eQenta The present chemical zonation of the méon, therefore,
1is pot.neceSSarily primitive; the moon could initially have been a |
homogeneoﬁs'mixtute of the, érimarily pre-iron, condepsatés; Howevet,

since the Ca-Al rich inclusions in C2 and C3,chondriteé commoniy
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exhibit a zonation it isidf interest to Aiséuss a possible primitive
zoné;ion in the moon.

Tﬁere ére two possible variants of the direct heterogeneous
accretion hypothesis.- If accretion is rapid and completely efficient in
the sense that it keeps up with the condensation ;he mbon will grow as a
chemi@ally zoned body'with‘successive éondenéates shielding the early
condensatés from further reaction with the gas. Oﬁe would obtain a moon
composed of a corundum pucleus overlain by perovskite, ﬁelilite and
diopside sheiis. More likely some of the early condensaté will be
available.forilater reactioﬂ with the gaéleither before ‘accretion or at
. the lunar surface. In this case the moon wili be composedbof diffuse \
shells gradingffrom.a primarily corundum,. pervoskite, melilite interior to
. a spiﬁel rich shell oﬁerlain by diopside.. The diopside and the spinel
can react to form'anofthité. ‘The moon 1is ﬁnlikely»to be perfectly prompt
or efficient in'éccréting ﬁatefial that has condensed in its vicinity
and it may therefore'be.initially.a relatively homogeneous mixture of,
primarily, perovskite, melilite, épinel and diopside, with, if temperatures
fell low enough, some olivine. The amount of olivine is constrained to
be small since its condensation interval_bﬁerlaps_iron and only a small
fraction of the available (solar) iron has been inéorporated into ;he
ﬁobn. Fof example, in a cooling gas of solar comﬁosition‘at 10—3 atm
total pressure, 46 percent of the iron had condensed before forsterite
appears [21]. More olivine may be incorporatéd into the'iﬁterior if.
fﬁe condensation of'iron is delayed by the néﬁ—eq@ilibrium considerations

of Blander and Katz [52]. As discussed previously, the melilite will break

down to pyroxene plus merwinite at high pressure.
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13. Other considerations

Since the moon ié_clearly dépletéd in'iron>it is hard to see why
it should not aiso be depleted in compéundé more volatile than iron, as
fhe surfacé rocks clearly are. .There is no evidence that the interior
approaches chondritic composition.

If the moon is comprised priﬁarily of high temﬁeraﬁure condensates,
the intefibr, as well as the surface rocks,.will be enriched in Ca, Al,
Ti, U, Th and fhe REE.relativé to carbonaceous chondrites, the Earth or
SOlar'abundances. Similérly, it should be dépleted in Fe, K, Na, Rb, S
and sz. A Ca-Al rich interior has.beén'dismissed by Wetherhill [16],
Ringwood and Essene [9] and O'Hara et al [53] because it was believed
_ that the high'pressure'phéses of Ca-Al rich coméoﬁﬁds would lead to
densities which wéuld viblaté the lunar mean dénéity and moment of
irertia. Althoughvthis is frue for some éssemblages, such as fhe Abollo
il bésalts, it is not a_géneral charécteristic of all Ca-Al ricﬁ
éssemblages. Similarly, a high concentration.of.U in the interior hés_
been rulgd out because this Qould lead to temperatures which.has'beén
considered ‘to be too high. The'low iron content of the early céndensate,
and inferred for the lunar interior, leads to a.low intrinsic electrical
conductivi;y."Thé interior teﬁperature must be some 800°C greater than
inferred'previously from the lunar'elect;ical conductivity experiment
and measurements on iron rich rocks [GL. vThese measuremen;s have pro-
" vided some qf'the main arguments for a éold modn. Therbther main agru-
mept-for a cold moon is based on its non—equilibfium shépe and the

persistance of mascons. However, when scaled properly for gravity the
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.méon is much closer to hydrostatic equilibrium than is the Earth or

Mars, and the stresses Being supported by the lunar lithosphere are
modest by terrestrial and laboratory standards [6] . The geophysical

data does not require a cold, strong deep interior. The long persistence

‘of lunar igneous activity also strongly suggests that the source region

- of the lunar basalts at least was strongly enriched in uranium. It

must be at least high enough to counteract the effects of conduction’
through the outer shell in the first 109 years of lunar existence.
The observations présented_in this paper suggest that the moon

accreted from high temperature condensates, in particular, material that

.gondensed out of the cooling solar nebula before Fe. This would lead

to a moon that is enriched in refractories and depleted in volatiles

relative to the average composition of the inner solar system. This can

‘be accomplished if the moon accreted during condensation and was com-

peting with a more massive or more favorable disposed body, such as the
earth. The 'accretion process is<on1y vaguely undérstood.at best but it
éeems clear that the initiai stages of éccretion will take place.most
readily by the coaleséence of hot particles orbiting inva dense, viscous
;loud, i.e. during the early stagés of condensation. THis will certainly

be true when the gravitational cross section of the protoplanet is small.

The Origin of the Moon

If the bulk of the moon does represent a high temperature condensate

~ the question arises, why did the moon not accrete substantial quantities

of material that condensed at lower temperatures? There are several

poSsibilities.
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The temperatﬁre‘at which an_element or compound cqndenseslout of a
cooling nebula depends both §n the composition and the pressure of the gas.
The teﬁperatﬁre of thé nebula [55] dies off rapidly away from the sun and
slowly with distance from #he median plane. Pressure dies off with

.distance from the sun and rapidly with height above the plane. At any
given time the composition of the condensed material, prior to complete
condensation, is a function of location in the nebula. If the uncondensed
gas is removed at some stage, the planets and meteorites will differ in
composition. |

The difference in mass and compésition of the Earth.and the moon can
be explained if:

a) - The Eérth was accreting in a dense part of‘the nebula, i.e. the
median plané, and fhe moon was accreting, on the avérage in a less demnsé
pért of the nebula. This could happen, even if the moon were always at
1 A.U;, if it were in;avhighly'inclined‘orbit - the orbit would eventually

"settle dbwn to its presentvconfiguration by gas drag, collision and tidalv‘
friction. Tﬁe tendeqcy of the moon to érow slower than the Earth, and to
gét.lesslof the'later éondensafes, would be ever more pronounce& by the
lower temperatures required to coﬁdénse material at ﬁhe lo&er pressures
encountered away from the ecliptic éﬁd the high encounter velocities due
to the highly inclined orbit;

b) Even if the moon‘waé alwvays in a low iﬁclina;ion orbit, the.fact
that iﬁ ié orbitiné the earth makes its'encounter velocity.with'solar‘

’ orbitinglgainé higher than_;he earth's and therefore its capﬁure probability

less [56].
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c¢) If the earth started accreting sooner than the moon, or for some
other reason gof a head start, it would élwéys have a larger capture cross
section thaﬁ the ﬁoon. When it became large enough to retain a atmosphere
or, equivalently, tbAmake a significant pérturbation in the pressure of its
surrounding gas envelope it would retain infalling material more efficiently
‘and material would condense in its vicinity at higher temperatures.

The observational fact that the earth is bigger than the moon and is
enriched iﬁ iron and’ﬁhe volatiles compared to the moén suggests that the
Ear;hiwas more favdrably disposed to~c§11éét the later condensates, and
4wés possibly moré favorably disposed.thfoughout its accreﬁional history.
This'is pdssibly related to its central position in the disc. VIf the
moon's orbit was initially highly inclinéd it would be acéreting, on. the
'_.aVerage, in a less dense éart of the.nebulae, even though it was accreting
at the same diétance from the sun és thg Earth. The Earth would be con-
tinuously sweeping upvyhe matetial in the median plane while the proto;
moon only crossed if.twice a year. An even more important effect is the
pressufe dependence of'the condensation teﬁpérature; Condensation occursl
first, in a cooling nebula at the median plane, i.e. the high pressure
regioﬁ. Condensation occurs at lower temperatures and-later fimeSvaway
from thé plane. This leads to a delayed start for ;he‘moan and gives the
Earth a head start on sweeping up material near the cen;ral élane. The
scenerio leads naturally to.a moon that is smaller than the earth and
‘that,is~enriched in‘the early condensateé and depleted invtﬁe later con-

densates,
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Condensation temperatures depend on pressure as shown in Figure 4,

The mean pressure in the ngbula is usuallyitaken as 10“'3 to 10-'4
atmospheres, butrtheipressure varies with distance from the Sun and with
height above thé median plane. Note that the condensation intervals of

the refractories, forsterite, and iron overlap at high pressures but
‘diverge at low pressures. 'The.verticél line labeled 1 AU is the temperature
in the vicinity of the.Eafth's orbit during the higﬁ luminosity phase of
-tﬁe Sun [57]. If the Earﬁh were accreting in a dense, high pressure part

of the nébula, such as the median plane, it would.have iron and the
'magnesium silicates available for incorporétion into its'interior as well

as the early condenéing refractories. As it groﬁs, it ﬁertgrbs the gas
'pressuré in its vicinity, or, equiValen;ly, develops a massive atmosphere
and the-efféctiVe’pressure in its vicinitijill increase, which‘énhances.
condensation in its vicinity. . The atmosphere will aiso make itAa more
efficient collector of ;he condensed material [58]. .Away from the median
plane thé temperature remains almost constant [55] but the gas pressure
décreases rapidly. Condensatidn; therefore, occurs a£ lower temperatures,
' and in a cdqling gas, at lafef times. As drawn in Figuré 4 the Earth

will be more than 50% assembled before the.Moon étarté; If the cooling

réte is. constant, the Earth will have spent three times as much time
accreting as the Moon. By the time the Moon nucleates, ;he Earth will
ﬁave swépt up most of the ironm. Even after thé Moon starts to form, the
Earth will get most of the remaining iron and other later condensates,

since it is spending éll of its time in the median pléne while the Moon only

crosses it twice a year and does so with high encounter velocities and a

relatively small capture cross-section.
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15. Summary

The enrichment of refractories in-the moon such as Ca, Al, Ti, Ba,
Sr, REE and U and the depietion'of‘"volatiles" such as Fe, Rb, K, S and
H20 relative to solar or carbonaceous chondritic abundances can be
~ understood if the moon represents a high temperature (pre-iron) condensate.
The pre-iron condensates represent about 6% of the total condensables
(exclusive of H, S and C) and will therefore be enriched in the refrac-
. tory trace elements ésucﬁ as Ba, Sr,VREE,*U gnd Th) by'a'factor of
" about 16, relative to carBonaceous chondrités. Thisfis close to the average
enrichment observed in the lunar surface materiél and in the Ca-Al rich |
inclhsions of Type IT and III carbonaceous chondrites. The'bulk surface
chemistry of the moon 1is consistent with the composition of the low-
meltingAfféction of the early éondensables. Trace elements, seismic and
heat flow data are consistent with'"enrichménﬁ"fof Ca, Al.and U at the
surface and in the interior of the moon. A‘Cé—Al rich deep interior
does not imply an unaéceptablf large mean density. Most of the moon's
compleﬁént of volatiles ﬁay be'BfOught in By chondritic,ﬁaterial in fhe
terminal stages of accretion.

The differences between the earth and the moon and the terrestrial

planets can be understood if accretion occurred during condensation.
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Table 1

Estimates of the Composition of the Early Condensate

(1) @ (3 W (5) (6)
510, 37.4 0.6 L4 33.3 0 Ll 3.1
Ti0, 0.1 0.1 .05 ---- —-- -
A1,0, 1.3 1311 2.4 2.4 2.4
FeO 43,0 . =-- 0.1 35.5 — 0.2

(0)* - |
MgO 15.6 0.3 0.6. . 23,5 0.6 1.3
Ca0 0.9 - ’ 0;9 0.9 2.3 | 1.7 2.0
Total 98. 3% 3.2% . 4.2% 97.0 5.8% 9.07%

(5.6%)* (7.4%)*
Enrichment . |
Factor B 31x 24x . 17x S 11x
- (18x)* (l4x)*

(1) Solar abundances recalculated to weight percent bf'the major oxides
(2) Solar "refractory'" composition (Cé,.Al and Ti compounds); all Ti in
‘CaTiO3, remaining‘CaO in CazAiZSiO7, remaining A1203 in MgA1204
"(3) Allende Ca-Al rich inclusions scaled to solar.CaO [24]
. (4) Cérbonacéoﬁs chondrites [17] | | f
(5) Early condensaté assemblage scaled to chondritic A1203

(6) Allende ihciusiqqsbscaled to cﬁondritig A1203> |

*Ignoring FeO



Table 2

Stability Fields of Equilibrium Condensates

Phase

'~ Trace refractories (1)

Corundum .

Perovskite

Melilite
Gehlenite

Akermanipe

Spinel

_Merwinite .

Métaliic IronA

Diopside

Forsterite

Anorthite
Enstatite
Eskolaite

Rutile

A1203
Mo .
CaTiO

Ru

Ca_ Al SlO

272 7.

Ca Mg81

27 -

Tho,
MgAL,0,

-“Ca3MgSi<0

(Fe, Ni)

CaMgS1,0,

MgZSiO4
Ti304 |

CaA1281208
HESioy
: cr203‘

ATiOZ'

28 -

© at 10-3 Atmospheres Total Pressure [21]

Condensatiog
Temperature ( K)

1931-1768
1758
1744

1698
1647

1634
1625

1517

1513
1475

1473 (2)

1450
g
1393
1362
1349
1294

- 1125



(1)

(2)

Table 2 (Cont'd)-

W, Nb, Y O

Os, S¢,04, 2 2”3

Te, Ta,'ZfO
The relative location of Fe-Ni in the condensation sequence
depends criti@ally on pressures in the nebula and .on departures
from equilibrium, i.e., the nebula may be supersaturated in iron

vapor before condensation ensues. Iron condenses after forsterite,

and presumably diopside, at pressures less than 10-4 atmospheres.



Table 3

: I
~ Trace Elements in Allende Meteorite,

Carbonaceous Chondrites and the Moon

Metéorités Moon Moon/Meteorite
»oo@ ®» | w ® ® ]| ® (9)
Refractoriés _

Ba  47.3 5 3.6 | 200 6.28 48.9  33.4 ; 13.6 1.03
‘La 4.63  0.44  (.28) . 18 0.12 4.5  2.62| 14.5 10.87
ce 1.5  1.25 .787 | 54 0.35 -12.2 7.86 | 15.5 1.06
T 8.40  0.91 . .652 46 0.18  10.3 6.59 | 15.8 1.23

Sm 2,82 0.29 .208 | 15 0.05 3.4 2,144 162 . 1.21

Ba 130 0.11 071 2 .0.81 1.1 . .96 | 14.8 0.81

Gd  3.87  0.43  .256| 20  0.05 4.4 2.84 | 17.2 1.14

Dy 4.90  0.42 303 | 25 0.06 5.5 3.53 ] 18.2 1.12
Er 3,447 0.31 .182 | 14 0,02 3.1 1.97 | 17.0 0.90

b 3.96 0.32  .188| 13  0.04 2.9 1.85 | 15.4 0.73

Sm/Eu  2.17  2.64 2.93 |. 7.89  0.06 3.24

U (0.2) .019 . 0.01 | 0.5 0.015  0.12 .083| 12. ~ 0.60-

0.03 . | | | o 4.00

Sr. 180 13 11 | 170 178 176 177 | 16.0 0.98
Volatilesv .

'Rb 3.5 1.3 3.0 | 3.4  0.15 87 0.61 | 0.29 '0.24

K 96~ 250 1000 1400 120 402 299 0.40  4.17-

415 - - T

A



K/U

K/Ba

K/Rb

 Rb/ST

(1)

(2)
(3)
(4)
(5)
(6)
¥
(8)
(9

Table 3 (Cont'd)

Meteérites | ' - Moon . Moon/Meteorite
(1) @ 3 @ o ® | ®  ®
500- 1.3x10°  10° 2800 9500 3350
10,000
2-9 50 278 7 19 8
30-120 192 330 412 800 - 462
.019  0.10 3.67 0.02 - .0008 .0049

Allende Ca-rich inclusions (Gast, et al, 1970); U

(0.2) estimated

. 0.03 from

1]

from 10x whole meteorite and 16x Cl chondrites; U
Grossman (1972)

Allende'éthole meteorite (Clarke, t al, 1970)

Carbonaceous chondrites

‘Apollo 11 basalt-mean (Mason and Melson, 1970)

Lhnar‘aﬁorfhosite - 15415, 11 (Hubbard et él,-1971)-
0.22 basalt + 0.78 anorthosite |

0.14 baéalt + 0.86 énorthosite

Column 6 normalized to carbonéceous chondrites

Column 6‘norma1izedvto Allende Ca-rich inclusions



- Table 4

Enrichment of Refractories

Allende inclusions/carbonaceous chondrites and

Lunar surface/carbonaceous chondrites

(L (2) (3) (4)
Ba 13.1 13.6 9.3 12.1
La 16,5 ¢ 1415 R 12.6
Ce . 14.6 15.5 10.0 13.4
Nd . 12,9 15.8 10.1 13.6
sm 136 16.3  10.3 13.9
Bu 18.3 | 14.8 13.5  14.3
ca 151 17.2 111 ; 15.0
.Dy‘ 16,2 18.2 11.7 15.8
CEr 18,9 17.0  10.8  14.7
Yb 21,1 - 15.4 . .9.8 - 13.3
st - 16.4 1600 16 16.0
Average 16.1 = 15.8 1.1 141

'(1)‘ Allende Ca-Al rich inclusions

(2) .22 Easalt + .78 anorthosite

(3) .l4 basalt + .86=3n§rtho$ite (té eliminate Eu anomaly relativé
to Allende inclﬁsion)

(4) .19 basalt + .81 anorthosiﬁe'(to éliminate.Eu anomaly relative

to carbonaceous chondrite)



Table 5

Composition of lunar and Allende Materials

(1 (2) (3) (4) () (6 (7) (8)
sioé 40.4 45.7 445 45,0  41.4 33,7 30.8  29.5
A1203 9.4 30.6 25.9.  27.6 25.5 26.6 27.6 30.0
FeO  19.3 4.5 7.7 6.6 . 1.5 2.3 R
Mg 7.2 4.8 5.3 5,1' 331301 17.8 19.7

‘ca0  11.1 158 14.7  15.1 21.3 21.6 22.2 20.7
Tio, 0.9 0;2 2.5 | 1.7 0.8 1?3 , 1.6 | _——
N?zO' o5 0.3 = --- - --- 1.1 --- e

' cf203 l‘o}3 o1 B -0 e e

" MnO b,3i ‘ O.L’ aes cme o eme 0.0  --- - ---

(1) Apollo 11 basalt-mean
(2) Lun#r anorthosite
(3); 0.22 basalt + 0.78 anorthosite (bésea on frace elements)
(4) 0.14 basalt + 0.86 aﬁorthogité°(based on trace ‘elements)
“(5) Low melﬁing fraction-of Ailende inclusions; pyfoxene + aﬁo;thite (40%)
(6) Allende Ca-Al ridh inclﬂsionv
7) ;Allendeliﬁclusion with low'melting fraction removed - i.e._implied
cdmposition of the lunar infefior if the moon is composéd of the
'high temperaﬁure condensates' |
3

(8) Compésition of early condensate (T > 1450°K, P = 10" ~atm)

(Grossmén, 1972)



Tgble 6

Composition and Transformation Pressures of
High Ca and Al Assemblages

(1) (2) 3) (4) (5) (6)

510, 49.9 59.9 53.5 27.5 47.6 53.1
ALO,  16.8  17.3 22.5 46.8 20.7 5.0
Fe0 1.4 6.3 47 e 8.2 13.5
no - 0.2 --- 0.1 o ee- 0.1 0.4
Mg0 . 7.6 3.4 2.1 —— 7.6 22.5
ca0 9.3 7.1 s 25 12.5 4.0
VNaZO 2 3.7 3.7 .- 0;7 0.1
Ti0, 1;3_‘;‘ 0.7 T 12 1.0
Pressurex 11, 15. oo 15, (145r. 9. 10.
range(kb)28.  28. . 3L enl 21, 25,

(1) Olivine tholeiité,"&MS, Cogén gi al, 1967'
(2) Diorite; Creen,'197b
(3) Gabbroicbanorthdsite3 Green, 1970
'(4) 'Anorthite + Gehlenite + Cordpdum; Hays, 1966
(5) Plagioclase.rich lunar basalt 14310; Ringwood and Green, 1972

(6) Mddel lunar pyroxenite; Ringwood and Essene, ‘1970

. *Pressure range for intermediate density (p ~ 3.3-3.4 g/cm3) phases. In
general, the lower pressure is the firs; appearance of garnet and the
higher pressure is for the disappearance of plagioclase, both at 1200°C.

' (1100°C for column 5).

In the moon 27 kb corresponds to approximately 600 km depth.



t

Table 6 (Cont'd)
In column (4) the pressures éorreqund to

CaAl_Si 0 + ° Ca.Al_SiO +

2°%2"% R IRP A A0y +
anorthite 'géhlenite corundum
a?d 3_CaA125106 —» Ca, Al 813012 + 2A1203
pyroxene grossular4 corundum

both at 1400°C.

3CaAl,_Sio

6

)

3.43 g/emd)



Table 7

Model Compositions of Lunar Interior

(L) (2 | (3 (4) (5) (6)
510, 48.8 . 47.7 47.1 - 52.9 26.7 6.0
Tio, 3.8 2.7 3.2 0.9 -- 0.6
.A1203 1253 27.8 27.3 17.6.  28.3 7.4
MgO 2.1 5.7 6.8 15.4  19.7 24.3
Cca0 16.6 15.8 15.6 13.2  ° 25.2 6.5
(1) Alléﬁde inclusion with near liquidus phases removed (spinel and
melilite)j this is the inferred parent liquid for the lunar
basalts and anorthosites (this paper)
(2) Averagé-crﬁsfal cqmposition derived by mixing basalt and anorthosite
in thé proportions 22% basalt, 78% anorthosité
(3) Hypothefical'parent-liqﬁid for Apollo 11 igneous rocks derived from
| fractiohal crystallization quelv(Case 1 of Gast et al, 1970
renormalizedj |
(4) Hypothetical parent.liqﬁid for partial fusion model (Gasﬁ, 1972),
renormalized
_(5) Deep interior (near quuidus crystals); Allende inclusions minus
columnv(l) (thisApaper)'
_(6)A Deep interior, partial mélt model (Gast, 1972); assumptionév

a) Ca0 and A120 contents must be low and b) lunar basalts are

3 -

‘derived from great depth in a single stége process



Figure 1.

| Figure 2.

Figure 3.

Figure 4.

FIGURE CAPTIONS

Composition.of lunar basalt [17] and anorthosite [35,59,60] versus
carbonaceous chondrites (circles and solid lines) and versus
Allende Ca-Al rich inclusions (triangles and dashed lines) [26].

Chondritic normalized lunar abundances versus condensation

vtemperature; The lower curves is the fraction of the total

materiallthgt has condensed as a function of témperature. The
upper curve is the éﬁrichment-fac;or of traée element
fefractoriés inlthe‘early condensate.

.Eduiliﬁriuﬁ fields in Ca-A1 rich assemblages. Basalt is from
Ito and Kennedy [38]; gabbrbic anorthosite from T. Green [39]
énd anorthite + gehlenite + corundum from Hays [54]. The
transformation akermanite + merwinite + spinel (p = 3.29 g/cﬁ3)
oc@urs'close to the anorthite + gehlinite + corundum -+ pyroxene
boundary and its downward projection [45]. |
Condensation~temperatute Versus total pressure in ﬁhe solar'nebula.
The teﬁperatureiét 1 A.U. is from [57]. The Earth and the Moon
are placed oﬁ.thié 1in¢ in such a positién to explain their

bulk compositions assuming they accreted only from material that

condensed at this and higher températures. The other terrestrial

planets can be placed on this diagram in such a way to explain

'their,siZe, compositioh and presence or absence of satellites.
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